Patient-specific biventricular computational models associated with a normal subject and a patient diagnosed with pulmonary arterial hypertension (PAH) were developed to investigate the effects of this disease on ventricular mechanics. These models were developed using geometry reconstructed from magnetic resonance (MR) images, and constitutive descriptors of passive and active mechanics. Model parameter values associated with ventricular mechanical properties and myofiber architecture were obtained by fitting the models with the corresponding measured pressure-volume loops and the circumferential strain calculated from the MR images using a hyperelastic warping method. Our results shows that the peak right ventricle (RV) pressure was substantially higher in the PAH patient when compared to the normal (65 mmHg vs. 20 mmHg). Circumferential strain (E cc ) and ejection fraction (EF) were comparatively lower in both the left ventricle (LV) and RV of the PAH patient (LV EF: 39% vs. 66% and RV EF: 18% vs. 64%; LV E cc : -2.1% vs -9.4% and RV E cc -6.8% vs. -13.2%). On the other hand, passive stiffness, contractility and myofiber stress were all found to be substantially increased in the PAH patient in both the RV and the left ventricle (LV). Septum in the PAH patient was also found to possess a smaller curvature than the LV free wall. Simulations using the PAH model with varying RV preload and afterload revealed an approximately linear relationship between the septum curvature and the transseptal pressure gradient at early-diastole and end-systole, respectively. These findings suggest that PAH can induce LV remodeling and measurements of septum curvature may be useful in quantifying the transseptal pressure gradient in PAH patients.
Introduction
Pulmonary arterial hypertension (PAH) is a disease associated with vasoconstriction of the pulmonary arterial vessels that results in an elevated pulmonary arterial pressure. The clinical diagnosis for PAH is an elevated mean pulmonary artery (PA) pressure greater than 25 mmHg with normal wedge pressure 1 . Without treatment, PAH can quickly lead to decompensated right heart failure and death. The current prognosis of PAH remains poor with about 15% mortality within 1 year on modern therapy 2 , and a low 3-year survival rate of 67% 3 .
The elevated afterload in the right ventricle (RV) caused by PAH can lead to changes in ventricular mechanics 4 . For example, elevated RV pressure (RVP) can lead to abnormal ventricular deformation in the form of a "left ventricular septal bow" (LVSB), which is a leftward motion of the septum into the left ventricle (LV) cavity. Moreover, PAH is also associated with long-term functional, structural and geometrical changes in the RV 5 . These changes and their impacts on ventricular mechanics are currently not well-understood 6 . Although animal models have been used to understand ventricular mechanics associated with RV remodeling in PAH 7, 8 , similar studies in humans are lacking and most clinical investigations have been confined to quantifying global ventricular mechanics through pressure-volume (PV) loop measurements 9, 10 .
Image-based computational models are increasingly used to analyze ventricular mechanics in heart diseases (e.g., myocardial infarction 11 , left branch bundle block 12 , mitral valve regurgitation 13, 14 ) as well as heart failure treatments 15 . The focus of these computational analyses is, however, on the left ventricle (LV) that has historically received more attention than the RV. On the other hand, computational modeling analyses of PAH have mostly been performed on pulmonary arteries 16, 17 while the RV, whose function is a major determinant of prognosis in PAH 18 , has largely been overlooked.
To fill the void in the current research of PAH, we describe in here an image-based computational analysis of the ventricular mechanics in a PAH patient. Specifically, we seek to quantify regional ventricular myofiber stresses, myofiber strain, contractility and passive tissue stiffness in a PAH patient, and compare them to those found in an age-and gendermatched healthy human subject. We also use the PAH computational model to investigate and quantify the effects of interventricular pressure gradients on the septum curvature.
Method

Acquisition
A 3T Philips scanner with ECG gating was used to acquire cine magnetic resonance (MR) images from one PAH patient as well as one gender-and age-matched normal human subject. Left and right ventricular, atria and arterial pressure were also acquired from the PAH patient by right heart catheterization as part of their clinical care. All data were acquired in the National Heart Center of Singapore and all enrolled participants gave written informed consent.
Biventricular geometry
Three-dimensional biventricular geometries of the PAH patient and normal subject were reconstructed by manually delineating the contours of the LV endocardium, RV endocardium and epicardium in different short and long-axis views in the cine MR images. These contours were then fitted to obtain 3D surfaces of the LV endocardial, RV endocardial and epicardial surfaces using the medical images analysis software MeVisLab (http://www.mevislab.de). Finite element (FE) meshes for the two cases were generated in the volume enclosed by these surfaces using GMSH 19 . The meshes consist of approximately 4000 quadratic tetrahedral elements and 7000 nodes.
Pressure volume loops
Cavity volumes of the LV and RV were measured in the PAH patient and normal subject at different time frames within a cardiac cycle using the MR-reconstructed biventricular geometries described in the previous section. These measured volumes were used together with the acquired pressure data to reconstruct the LV and RV PV loops of the PAH patient. For the normal subject, normal right ventricular pressure waveform from a previous study 20 and a scaled normal left ventricular pressure waveform (with end-systolic pressure equal to 0.9 of the measured cuff pressure 21 ) were used together with the cavity volume measurements to reconstruct the PV loops.
Strain Analysis of MR images
Regional circumferential strain was estimated from the PAH patient and the normal subject using hyperelastic warping in FEBio (http://www.febio.org) with the FEWarp plugin. Briefly, in hyperelastic warping, a FE model of the biventricular geometry from the template image was deformed into alignment with the corresponding object in the target image via a computed image-based local body force term that depends on (1) the difference in image intensity between the template and target images, (2) the target image intensity gradient and (3) a prescribed penalty factor 22 . In our analysis, the penalty factor was increased incrementally until the strain field converged. Spatially-averaged circumferential strain was computed in the LV and the RVFW at different cardiac time points using end-diastole as the reference configuration. Circumferential direction was prescribed using the Laplace-Dirichlet Rule-Based algorithm 23 with myofiber angle set to be zero.
Biventricular Finite Element Model
Biventricular geometries from the corresponding MR images acquired at early diastole, in which the LV and RV pressures were at their lowest, were used as the reference geometries for the biventricular FE models of the PAH patient and normal subject ( Figure 1a ). Myocardial fiber orientation was prescribed in the models using a Laplace-Dirichlet Rule-Based algorithm 23 . Based previous experimental measurements 24 , myofiber helix angle was prescribed in the LV with a linear transmural variation from 60°at the endocardium to -60°at the epicardium (i.e., 60°/-60°) ( Figure 1b ). Given the lack of human RV myofiber data, myofiber orientation in the RVFW was described similarly using a linear transmural variation β° − β°, in which β is a model parameter found from fitting the clinical measurements.
Cardiac Mechanics
A cellular-based cardiac electromechanics model 25, 26 was used to model the mechanical behavior of the biventricular unit over a cardiac cycle. Because the focus here is on biventricular mechanics, we have simplified the model by assuming a homogeneous activation in the biventricular unit. The resultant model can therefore be described by the following system of ordinary differential equations (ODEs) and partial differential equations (PDEs):
Briefly, Eq. (1a) and (1b) consist of a system of ODEs that describe the local coupling between cellular electrophysiology 27 and cross-bridge cycling process 28 . Here, s, v, I ion and λ denote a vector of state variables consisting of various membrane channels and intracellular ionic concentration, the total ionic current that is scaled with the membrane capacitance, the transmembrane potential and the myofiber stretch, respectively. A stimulus current I s was prescribed over a short time interval to excite the biventricular unit. Equation (1c) describes the mechanical equlibrium of the cardiac tissue with σ denoting the Cauchy stress tensor. An active stress formulation was used to model the contraction of the tissue. In this formulation, σ was decomposed into a passive component σ p and an active component σ a that accounts for the stiffening of the tissue during cross-bridge cycling, i.e.,
The active stress tensor σ a depends on the time evolution of the state variables s, myofiber stretch λ, rate of elastic myofiber stretchλ. The contractile stress was scaled by a reference tension T ref , which a model parameter that is associated with the tissue contractility. The passive stress σ p was described by a Fung-type transversely isotropic hyperelastic constitutive model with the following strain energy function:
where
In the above equation, E = 1 2 (F T F − I) is the Green-Lagrange strain tensor, J is the Jacobian of the deformation gradient tensor F, and E ij with i, j ∈ (f, s, n) are the strain components with f , s, n respectively denoting the fiber, sheet and sheet normal directions. The passive material parameters are C compr , C, b f f , b xx b f x . The passive stress σ p is related to the strain energy function as follows:
Simulation of a cardiac cycle
A full cardiac cycle was simulated based on an open-loop circulatory model. Specifically, passive filling was simulated by incrementally applying pressure to the LV and RV endocardial surfaces until the prescribed end-diastolic pressures (EDP) were reached. The biventricular model was then stimulated, and the LV and RV cavity volumes were constrained to remain constant during the isovolumic contraction phase. The ejection phase was simulated by coupling the LV and RV cavity volumes each to a 3-element Windkessel model when the LV and RV pressures exceeded the aortic and pulmonary valve opening pressures, respectively (Figure 1c ). The isovolumic relaxation phase was simulated by constraining the cavity volumes and begins when outflows from the LV and RV became negative.
Model parameterization
Biventricular FE models of the PAH patient and normal subject were each divided into two material regions, namely, the LV and the RVFW with different passive stiffness C and contractility T ref (Figure 1a ). Together with the Windkessel model peripheral resistance and the RVFW myofiber helix angle β, these material parameters were manually adjusted to fit the (1) experimentally measured PV loops in the LV and RV, and (2) the regional circumferential strain measurements from hyperelastic warping in each case. All other material parameters were prescribed with the same values in both cases. Parameter values in the active contraction model were similar to those in Rice et al. 28 whereas those in the passive strain energy function (i.e., C compr , b f f , b f x , and b xx ) were similar to those in Genet et al. 29 .
Septum curvature
The fitted PAH model was used to quantify the effects of varying RV afterload and preload on the regional curvature in the LV endocardial surface. Regional curvature κ was calculated at the mid-ventricular level (half-way between the apex to base) from the biventricular FE model at different time point within a cardiac cycle. Specifically, contour of LV endocardial slice at the mid-ventricular level was parameterized as r(θ) in a polar coordinate system ( Figure 1d ) and κ was computed at each point in the contour using:
where r ′ ≡ dr dθ. Septum and LV free wall (LVFW) curvature were computed by averaging κ for all the points that are located in their respective region. 3 Results
Pressure-volume loops
The model-predicted PV loops of the RV and LV were in close agreements with the measurements in both PAH and normal cases ( Figure 2 ). The differences between measurements and the model predictions were within 1%. Peak RV pressure was about 3.5 times higher in the PAH patient than that found in the normal subject (65 mmHg vs. 20 mmHg), whereas peak LV pressure was only slightly higher in the PAH patient (110 mmHg vs. 100 mmHg). End-diastolic volume (EDV) and end-systolic volume (ESV) of the LV and RV were also larger in the PAH patient than in the normal subject with the largest difference found the RV (RV EDV: 275 ml vs. 100 ml; RV ESV: 225 ml vs. 36ml). Correspondingly, the ejection 6 fraction (EF) of the PAH patient was substantially lower when compared to that of the normal subject (LV EF: 39% vs. 66% and RV EF: 18% vs. 64%). 3.2 Regional circumferential strain Circumferential strain measured using hyperelastic warping was substantially depressed in both LV and RVFW of the PAH case when compared to the normal case (Figure 3a, b) . Specifically, the spatially-averaged peak circumferential strain in a cardiac cycle was -2.1% and -9.4% in the RVFW of the PAH and the normal cases, respectively. Left ventricular peak circumferential strain was also depressed in the PAH patient when compared to the normal subject (-6.8% vs. -13.2%). In both cases, peak circumferential strain in the LV was found to be larger than that in the RVFW. The model predictions agreed reasonably well with these strain measurements, with maximum differences between the model-predicted peak strain and the measurements at about 7 5% in the LV of the normal subject . We also found that the circumferential strain is very sensitive to the fiber orientation, and in order to capture the differences in strain between the LV and RVFW, transmural variation of myofiber angle in the RVFW has to be larger than that in the LV.
Myofiber stress
Myofiber stress in the PAH patient was substantially higher than that of the normal subject in the entire biventricular region, with regions of high myofiber stress found in the LVFW and septum (Figure 4 ). Specifically, peak average myofiber stress in the RVFW and LV of the PAH patient were almost twice the values found in the normal subject (LV: 99.7kPa vs. 51.2kPa; RVFW: 73.2kPa vs. 43kPa). For both of the PAH patient and the normal subject, the stress in the LV is higher than that in the RVFW. Table I shows the model parameters for the PAH patient and the normal subject that were calibrated to against the PV loops and the regional circumferential strains. The model parameters C and T ref reflects the tissue's passive stiffness and contractility, respectively. We found that the tissue's passive stiffness and contractility were both higher in the LV and RV of the PAH patient than those in the normal subject. Peripheral resistance in the RV was also substantially higher in the PAH patient than in the normal subject, but was similar in the LV of both. We also found that the transmural variation of myofiber angle was steeper in the RV with the fibers oriented more longitudinally than in the LV in both cases. This regional variation was found necessary to produce a smaller circumferential strain in the RV (compared to the LV) as found in the hyperelastic warping measurements (Figure 3 ). Two-dimensional curvature κ calculated from Eq. (5) on the LV endocardial surface at the mid-ventricular short-axis slice shows a substantially lower κ in the septum of the PAH patient ( Figure 5 ). Compared to the normal subject model, which has a homogeneous curvature in the LV, the septum curvature in the PAH patient was substantially lower than that found in the LVFW. To eliminate the effects of LV diameter on κ, the septum curvature was normalized against the average LV curvature to give a normalized curvature κ n . We found that the normalized curvature κ n was lower in the septum of the PAH patient than that in the normal subject.
Model parameters
Septum curvature
Effects of afterload
The septum curvature κ decreased with increasing RV afterload (Figure 6a ), which was adjusted in the PAH model by simultaneously increasing the pulmonary peripheral resistance R per,p and decreasing the RVFW contractiliy T ref so that the stroke volume was relatively unchanged (Figure 6c ). The largest variation of septum κ with RV afterload occurs primarily during the systole phase, with the maximum curvature κ varying almost linearly(r = 0.984) with the end-systolic transseptal pressure gradient between the LV and RV (i.e., LVP -RVP) (Figure 6b ). On the other hand, we found that the curvature κ was less than the normal case (Figure 5b ) even after reducing the afterload in the PAH model to a value close to the normal physiological RV peak pressure (30 mmHg). The septum curvature also decreased with increasing RV preload (Figure 7a ), which was simulated by increasing the prescribed end-diastolic pressure. Due to length-dependent effects of the contraction model, RVFW contractiliy T ref was simultaneously adjusted to maintain a constant stroke volume in each of the different preload cases with respect to the baseline PAH case (Figure 7c) . In contrast to the effects of afterload, the largest variation of septum curvature κ occurs primarily during early diastole, whereas the curvature was little changed in systole. Interestingly, the maximum diastolic curvature κ max seems to vary almost linearly (r = 0.997) with the transseptal pressure gradient of between LV and RV at early diastole. Specifically, we found that an increase in transseptal gradient by 1 mm Hg produce an average decrease in the curvature by 0.0156 cm −1 .
Effects of preload
Discussion
We have described the development of patient-specific biventricular computational models using pressure measurements and MR data from a PAH patient and a normal human subject. In each case, we have reconstructed the LV and RV PV loops using the pressure data and cavity volumes quantified from the MR images. A hyperelastic warping method was also used to compute the LV and RVFW circumferential strains from cine MR images. These strain measurements and PV loops were used to fit the biventricular computational models.
Using these fitted models, we have compared differences in the in vivo regional ventricular mechanics between the PAH patient and normal subject, which includes regional myofiber stress distribution, mechanical properties and regional curvature. Additionally, we have also quantify the effects of RV preload and afterload on the septal curvature using the PAH model. As most previous computational studies of PAH have focused on the arteries 16, 17 , this study, to the best of our knowledge, is the first patient-specific computational analysis of the ventricular mechanics associated with PAH.
Circumferential Strain
Compared to the LV, quantitificaion of RV strain is significantly more challenging because of its complex geometry and thin wall. Nevertheless, RV strain analysis on PAH patients have been performed using speckle tracking on echocardiographic images 30 as well as strainencoded MR imaging 31 . In these analyses, RV circumferential strain of PAH patients was found to be significantly depressed compared to normal subjects. Our results, which were obtained using a hyperelastic warping method 22 on cine MR images, agree with these studies.
Besides a reduction in RV circumferential strain, we also found that the LV circumferential strain was reduced in the PAH patient compared to the normal subject (-6.8% in PAH vs. -13.2% in Normal). This feature was also found in another echocardiography study 32 in which both the LV lateral wall and septum circumferential strains were found to be significantly reduced by about 5% in pulmonary hypertensive patients.
Myofiber Stress
The use of Laplace's law to estimate RV wall stress is complicated by its irregular geometry 33 . Here, we have overcome this complication in our computational analysis, and have found a higher myofiber stress in the RVFW of the PAH patient that is about twice as high as that in the normal subject. The larger RVFW myofiber stress can be attributed to the combination of a higher afterload (3× of the normal) and a substantially bigger RV (2× of the normal) in the PAH patient. In addition, we found that the LV myofiber stress was also about twice as high as that in the normal subject despite having a normal LV afterload. The higher LV myofiber stress could be attributed to the larger LV cavity (1.5 × of the normal). Given that elevated myofiber stress is feature that is associated with ventricular remodeling, this result suggests that the remodeling associated with PAH may not only be confined to the RV, but could also be found in the LV.
Fitted model parameters Ventricular Properties
The fitted model parameters associated with the regional biventricular mechanical properties also suggest significant remodeling in the PAH patient. Specifically, we found that the diastolic passive stiffness C and the contractility T ref of the PAH patient were larger than that of the normal subject in both LV and RVFW. These findings were consistent with previous experimental studies. By comparing the passive tension found in the RV tissue of PAH patients undergoing heart/lung transplantation and donors with non-failing heart, Rain et al. 34 found that RV diastolic stiffness is increased in PAH patients and is closely associated with the disease severity measured using stroke volume and 6-minute walk test. They attributed this increase to RV fibrosis and the intrinsic stiffening of the RV myocytes. A similar finding was also reported in rats subjected to pulmonary artery banding 7 . Interestingly, the study by Rain et al. 34 also found an increase in the RV end-systolic elastance and the force-generating capacity in isolated RV cardiomyocytes from PAH patients. An increase in RV end-systolic elastance was also found in rats induced with PH via monocrotaline injection compared to the controls 35 . As suggested in these studies, the increase in RV contractility associated with PAH is most likely a compensatory mechanism in the RV attempting to cope with the increased afterload.
That we found that the LV diastolic passive stiffness and contractility was also increased suggests the presence of remodeling in the LV of the PAH patient (as with our findings for circumferential strain and myofiber stress). Although we did not find any studies that measure LV mechanical properties directly associated PAH, it was observed that patients with right heart failure often have relaxation abnormalities that may affect the mechanical properties of the LV 36 . Moreover, recent studies have also found evidence of electrophysiological remodeling in the LV of PAH patients 37 .
Myofiber orientation
Histological studies have found that compared to the LV that has muscle fiber running obliquely towards the apex, the deep muscle fibers of the RV are longitudinally aligned from base to apex 38 . Our result also suggests that the myofiber orientation is more longitudinal in the RV than in the LV in both cases, an outcome that is in part due to the smaller circumferential strain found in the RVFW in both cases. On the other hand, studies on rats 7 have found that both myofiber and collagen orientations in the RVFW became more longitudinal as a result of RV remodeling caused by PAH. We, however, did not find this feature in our study.
Septum Curvature
The fact that abnormal septal geometry and motion is a well-recognized feature in PAH patients 39 has motivated us to quantify this feature, as well as investigate its sensitivity to RV preload and afterload. Our results show that the septum curvature from the short axis view at mid-ventricular level was substantially lower in the PAH patient compared to that in the normal subject, which implies a more "flattened" septum.
With varying RV preload (and constant RV afterload), we found that the septum curvature at early-diastole increased linearly with increasing diastolic transseptal pressure gradient (LVP-RVP) (r = 0.997). Septum curvature in systole is not much affected by changes in the preload. Similar findings were also reported in other studies 40, 41 , which found that the septum shape and motion at early-diastole are sensitive to the transseptal pressure gradient between the LV and RV. Tanaka et al. 40 found that diastolic "bowing" of septum toward the LV (negative curvature) in PAH patients resulted from a negative transseptal pressure gradient whereas Beyar et al 41 reported that "bowing" occurs only at a transseptal pressure gradient lower than -5 mmHg. Although we did not observe any "bowing" for the range of transseptal pressure gradient between -1.5 to 2.5 mmHg, our finding of a linear variation between the pressure gradient and septum curvature is consistent with these studies.
Similarly, we found that the end-systolic septum curvature increased almost linearly with increasing systolic transseptal pressure gradient (r = 0.984) while the curvature at diastole is insensitive to the variation in afterload. Our result is quantitatively in good agreement with an echocardiographic study on children with pulmonary hypertension 42 , which found a correlation of r = 0.86 between septum curvature and RV end-systolic pressure. This direct relationship between septum curvature and end-systolic pressure would suggest that the curvature can potentially be used as a non-invasive marker for quantifying RV pressure in PAH patient.
Critique of the model
Overall, predictions of the biventricular computational models are generally consistent with the results from clinical and experimental studies of PAH. Our results have also suggest that PAH may produce significant LV remodeling though caution must be exercised in extrapolating these results, which were based only from one model. Additionally, there are also some limitations that are associated with our models.
First, we have used the biventricular geometry that corresponds to the lowest pressure at the filling phase as the zero-stress state, which may affect the values of the fitted mechanical properties. This, of course, is an approximation as the zero-stress state does not exist in vivo. Other investigators have used the end-systole 43 or mid-systole 44 as the zero-stress state, or have estimated the zero-stress state from the end-diastole geometry using prescribed mechanical properties 12 . To the best of our knowledge, there appears to be no consensus on the best approach to address this issue.
Second, we have not sampled the entire parameter space in fitting our model. Specifically, we have kept the passive tissue anisotropy fixed based on values obtained in normal humans 29 and the LV myofiber orientation fixed at 60 ○ /-60 ○ . We have done so in order to focus on the key features found in the RV that are associated with PAH.
